Thermosolutal convection in high-aspect-ratio enclosures by Chen, C. T. & Wang, L. W.
NASA Technical Memorandum 100803 
Thermosolutal Convection in High- 
Aspect-Ratio Enclosures 
~~ ~ 
(NASA-TI-100883) T B E B M C S C L P I A I  CCHVBCTIOB R88-1E871 
IU 8168-ASPBC!I-&A110 ENCLOSUIIES ( B A S A )  









Nah'onal Cheng Kung University 
Taiwan, Republic of Chinu 
<Prepared for the 
25th National Heat Trmsfer Conference 
sponsored by the American Society of Mechanical Engineers 
Houston, Texas, July 24-27, 1988 
https://ntrs.nasa.gov/search.jsp?R=19880009487 2020-03-20T08:21:33+00:00Z
THERMOSOLUTAL CONVECTION I N  HIGH-ASPECT-RATIO ENCLOSURES 
a 
L.W. Hang* 
N a t i o n a l  Ae ronau t i cs  and Space Adm 
Lewis Research Center 
C1 eve1 and, Ohio 441 35 
and 
C.T.  Chen 
I n s t i t u t e  o f  Aeronau t i cs  and A s t  
n i  s t r a t i o n  
onaut  i cs 
N a t i o n a l  Cheng Kung U n i v e r s i t y  
Taiwan, Republ ic  o f  China 
SUMMARY 
Convect ion i n  h i g h - a s p e c t - r a t i o  r e c t a n g u l a r  enc losu res  w i t h  combined h o r i -  
z o n t a l  temperature and c o n c e n t r a t i o n  g r a d i e n t s  i s  s t u d i e d  e x p e r i m e n t a l l y .  An 
e lec t rochemica l  system i s  employed to  impose t h e  c o n c e n t r a t i o n  g r a d i e n t s .  The 
s o l u t a l  buoyancy force e i t h e r  opposes or augments t h e  thermal buoyancy f o r c e .  
Due to  a l a r g e  d i f f e r e n c e  between t h e  thermal and s o l u t a l  d i f f u s i o n  r a t e s  t h e  




I f low possesses d o u b l e - d i f f u s i v e  c h a r a c t e r i s t i c s .  Var ious complex flow p a t -  
w 
INTRODUCTION 
The purpose o f  t h e  p resen t  s tudy  i s  t o  i n v e s t i g a t e  f l o w s  r e s u l t i n g  from 
buoyancy f o r c e s  due a comb1 n a t i o n  o f  temperature and species c o n c e n t r a t i o n  
e f f e c t s  i n  enc losu res .  
Convect ion i n  enc losu res  has many a p p l i c a t i o n s  i n  d i v e r s e  f i e l d s ;  for 
example, thermal i n s u l a t i o n  eng ineer ing ,  geophysics,  and a s t r o p h y s i c s .  The 
g e o p h y s i c i s t ' s  i n t e r e s t  l i e s  i n  t h e  f a c t  t h a t  i n  n a t u r a l  geothermal phenomena 
temperature and c o n c e n t r a t i o n  g r a d i e n t s  induce d e n s i t y  changes i n  t h e  f l u i d  
w h i c h  i n  t u r n  l e a d  to  buoyancy-dr iven f l u i d  motion. The buoyancy e f f e c t  i s  
known to  p l a y  an i m p o r t a n t  p a r t  i n  f l u i d  mo t ion  th rough  geothermal systems. 
Convect ion i n  which t h e  buoyant f o r c e s  a re  due b o t h  t o  temperature and 
c o n c e n t r a t i o n  g r a d i e n t s  i s  g e n e r a l l y  r e f e r r e d  t o  as the rmoso lu ta l  c o n v e c t i o n  
or d o u b l e - d i f f u s i v e  convec t i on .  As p o i n t e d  o u t  by Os t rach  (19801, v a r i o u s  
modes o f  convec t i on  a r e  p o s s i b l e  depending on how temperature and concentra-  
t i o n  g r a d i e n t s  a re  o r i e n t e d  r e l a t i v e  to  each o t h e r  as w e l l  as t o  g r a v i t y .  
Much a t t e n t i o n  has been g i v e n  to  t h e  s i t u a t i o n  i n  which s t r a t i f i e d  f l u i d s  a re  
sub jec ted  to  imposed v e r t i c a l  temperature g r a d i e n t s  i n  o r d e r  t o  e x p l a i n  some 
unusual oceanographic phenomena (e .g . ,  Turner ,  1974, Wang e t  a l . ,  1987). For 
t h e  same reason convec t i on  i n  s t r a t i f i e d  f l u i d s  w i t h  imposed h o r i z o n t a l  temper- 
a t u r e  g r a d i e n t s  has a l s o  been i n v e s t i g a t e d  (Ostrach,  1980). 
Thermosolutal  convec t i on  i s  a l s o  i m p o r t a n t  i n  c r y s t a l  growth processes 
* N a t i o n a l  Research Counc i l  - NASA Research Assoc ia te ,  on l eave  from t h e  
(Ostrach, 1983). 
I n s t i t u t e  of Aeronau t i cs  and A s t r o n a u t i c s ,  N a t i o n a l  Cheng Kung U n i v e r s i t y ,  
Taiwan, Republ ic  o f  China. 
The t r a n s p o r t  process i n  t h e  f l u i d  phase d u r i n g  t h e  growth of 
a c r y s t a l  has a profound i n f l u e n c e  on t h e  s t r u c t u r e  and q u a l i t y  o f  t h e  s o l i d  
phase. Wi th t h e  need for  ever  more p e r f e c t  c r y s t a l s ,  a t t e n t i o n  has begun t o  
focused on t h e  r o l e  o f  c o n v e c t i o n  i n  c r y s t a l  growth.  I n  many c r y s t a l  growth 
techniques t h e r e  a r e  b o t h  temperature and c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  f l u  
t h a t  can l e a d  to  buoyancy-dr iven convec t i on .  I n  some h o r i z o n t a l  g rowth  t e c h  
be 
d 
n iques (e.g., h o r i z o n t a l -  Bridgman) t h e  f l u i d  phase i s  sub jec ted  t o  h o r i z o n t a  
temperature and c o n c e n t r a t i o n  g r a d i e n t s .  Several  i n v e s t i g a t o r s  i n  t h e  p a s t  
s t u d i e d  the rmoso lu ta l  c o n v e c t i o n  i n  an enc losu re  w i t h  combined h o r i z o n t a l  tem- 
p e r a t u r e  and c o n c e n t r a t i o n  g r a d i e n t s  i n  l ow-apsec t - ra t i o  enc losures (Wang 
e t  a l . ,  1982, 1985, 1986). Ex tens i ve  exper imenta l  and t h e o r e t i c a l  work i s  
s t i l l  needed to  understand convec t i on  i n  an enc losu re  w i t h  combined d r i v i n g  
f o r c e s .  
t r a t i o n  g r a d i e n t  normal t o  t h e  g r a v i t y  v e c t o r  i n  e l e c t r o c h e m i c a l  systems i n  
h i g h - a p s e c t - r a t i o  enc losu res .  I t s  main o b j e c t i v e  i s  t o  o b t a i n  more i n f o r m a t i o n  
on t h e  r e s u l t a n t  flows under v a r i o u s  pa ramet r i c  c o n d i t i o n s .  
The p resen t  work i s  t o  s tudy  convec t i on  w i t h  temperature and concen- 
An e lec t rochemica l  method based on a d i f f u s i o n - c o n t r o l l e d  e l e c t r o d e  reac-  
t i o n  i s  employed i n  t h e  p r e s e n t  work for c r e a t i n g  t h e  c o n c e n t r a t i o n  g r a d i e n t s .  
The h o r i z o n t a l  temperature and c o n c e n t r a t i o n  g r a d i e n t s  a re  imposed i n  such a 
way t h a t  t h e i r  e f f e c t s  on t h e  flow a r e  e i t h e r  opposing or augmenting. 
r e s u l t i n g  flow s t r u c t u r e s  a r e  s t u d i e d  under v a r i o u s  c o n d i t i o n s .  
The 
Since t h e  main o b j e c t  o f  t h e  p r e s e n t  s tudy i s  t o  o b t a i n  more i n f o r m a t i o n  
on convec t i on  due t o  t h e  combined e f f e c t s  o f  temperature and c o n c e n t r a t i o n  gra-  
d i e n t s  I n  enc losures,  t h e  p a r a m e t r i c  ranges s t u d i e d  h e r e i n  a r e  m a i n l y  d i c t a t e d  
b y  t h e  e l e c t r o c h e m i c a l  system employed to  impose c o n c e n t r a t i o n  g r a d i e n t s .  
EXPERIMENTAL DESIGN 
Dimensionless Parameters 
Based on t h e  b a s i c  d i f f e r e n t i a l  equat ions for  convec t i on  i n  an enc losu re  
w i t h  thermal and s o l u t a l  buoyancy f o r c e s  ( f i g .  1)  i t  can be shown t h a t  t h e  f o l -  
l o w i n g  d imensionless parameters a r e  i m p o r t a n t  i n  t h e  problem. 
3 
thermal Grashof number 2 G r T  = 
V 
P r a n d t l  number V P r  = - a 
Schmidt number V sc = - D 
buoyancy r a t i o  fl AC 13 AT N = -  
aspect  r a t i o  H A r  = - L 
where g i s  t he  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  v i s  t h e  f l u i d  
i t y ,  a t h e  thermal d i f f u s i v i t y ,  and D t h e  d i f f u s i o n  c o e f f  
and w i d t h  of  the  enc losure a re  H and L, r e s p e c t i v e l y .  AT 
2 
k i n e m a t i c  v i scos -  
c i e n t .  The h e i g h t  
and AC a re  t h e  
V 
imposed temperature and c o n c e n t r a t i o n  d i f f e r e n c e s ,  r e s p e c t i v e l y ,  between t h e  
two h o r i z o n t a l  w a l l s  separated by  H.  D e n s i t y  v a r i a t i o n  due to  temperature i s  
rep resen ted  by t h e  v o l u m e t r i c  thermal  expansion c o e f f i c i e n t  13, and t h a t  due t o  
c o n c e n t r a t i o n  by t h e  v o l u m e t r i c  s o l u t a l  expansion c o e f f i c i e n t  B. I n s t e a d  o f  
t h e  ( G r T ,  N )  combinat ion t h e  ( G r  , G r S )  combinat ion i s  sometimes used, where 
G r S  i s  d e f i n e d  as G r S  = gB ACHJIv2 = N G r T ,  s o l u t a l  Grashof number. 
T e s t  Apparatus 
A sketch o f  t h e  p r e s e n t  exper imen ta l  system i s  g i v e n  i n  f i g u r e  1 .  The 
t e s t  c e l l  i s  a r e c t a n g u l a r  enc losu re .  The two v e r t i c a l  p l a t e s  a r e  made o f  
0.7 cm t h i c k  copper p l a t e s  and used as e l e c t r o d e s .  An e l e c t r i c a l  h e a t i n g  mat 
i s  bonded t o  t h e  back o f  one of t h e  copper p l a t e s ,  and t h e  o t h e r  p l a t e  i s  
cooled by c i r c u l a t i n g  water from a constant - temperature b a t h .  
o f  t h e  c e l l  a r e  made o f  0.64 cm-th ick P l e x i g l a s .  The whole setup i s  enc losed 
by f i b e r g l a s s  i n s u l a t i o n  t o  m in im ize  t h e  heat  loss from t h e  s y s t e m  t o  t h e  
surroundings.  
q u a l i t a t i v e - f l o w  s t r u c t u r e  o b s e r v a t i o n .  Three thermocouples a r e  imbedded i n  
each o f  t h e  copper w a l l s  t o  determine t h e  w a l l  temperature.  The w i d t h  ( L )  o f  
t h e  t e s t  c e l l  i s  7 . 6  cm and t h e  h e i g h t  i s  v a r i a b l e  so t h a t  a range o f  aspect  
r a t i o  can be covered. 
The o t h e r  w a l l s  
Some p a r t s  of t h e  i n s u l a t i o n  can be removed to  f a c i l i t a t e  
A copper su lpha te  s o l u t i o n  i s  used as e l e c t r o l y t e .  When a v o l t a g e  i s  
a p p l i e d  t o  t h e  e l e c t r o d e s ,  copper d i s s o l v e s  i n t o  t h e  s o l u t i o n  a t  t h e  anode and 
i s  depos i ted  a t  t h e  cathode. A s  a r e s u l t  t h e  d e n s i t y  of t h e  f l u i d  near t h e  
cathode (anode) becomes lower ( h i g h e r )  than t h a t  o f  t h e  b u l k  o f  t h e  s o l u t i o n .  
The m i g r a t i o n  o f  t h e  c u p r i c  i o n s  i n  t h e  e l e c t r i c a l  f i e l d  i s  e l i m i n a t e d  by add- 
i n g  s u l p h u r i c  a c i d  to  t h e  s o l u t i o n ,  which a c t s  as a s u p p o r t i n g  e l e c t r o l y t e ,  and 
thus t h e  t r a n s p o r t  o f  t h e  c u p r i c  i o n s  i n  the  c e l l  i s  c o n t r o l l e d  o n l y  by d i f f u -  
s i o n  and convec t i on .  I n  t h e  exper iment  t h e  c o n c e n t r a t i o n  o f  CuSO4 v a r i e s  from 
0.05 t o  0.08 M. 
The p h y s i c a l  p r o p e r t i e s  o f  t h e  s o l u t i o n  a re  taken from Wilke e t  a l .  (1953).  
The thermal p r o p e r t i e s  o f  t h i s  d i l u t e  s o l u t i o n  a re  c l o s e  t o  water .  
The a c i d i t y  o f  t h e  s o l u t i o n  i s  k e p t  c o n s t a n t  a t  1 .5  M H2SO4. 
The a u x i l l a r y  system c o n s i s t s  of a dc power supply ,  i ns t rumen ts  t o  meas- 
u r e  the  t o t a l  c u r r e n t  and p o t e n t i a l  i n  t h e  c e l l ,  and a v a r i a b l e  r e s i s t a n c e  t o  
control t he  c u r r e n t .  
Tes t  Procedure 
Al though t h e  temperatures o f  t h e  copper w a l l s  can be e a s i l y  measured by 
thermocouples, t h e  c o n c e n t r a t i o n  l e v e l s  a t  t h e  w a l l s  cannot be so e a s i l y  d e t e r -  
mined. One r e l a t i v e l y  s imp le  way t o  s p e c i f y  t h e  c o n c e n t r a t i o n  l e v e l  a t  t h e  
cathode w a l l  i n  t he  p r e s e n t  system i s  to  a d j u s t  t h e  c e l l  p o t e n t i a l  i n  such a 
way t h a t  t he  s a t u r a t i o n  c u r r e n t  ( l i m i t i n g  c u r r e n t )  i s  o b t a i n e d .  Under t h e  
l i m i t i n g - c u r r e n t  c o n d i t i o n  t h e  i o n  c o n c e n t r a t i o n  a t  t h e  cathode s u r f a c e  i s  
zero,  i n  o t h e r  words the  change i n  c o n c e n t r a t i o n  across t h e  s o l u t a l  boundary 
l a y e r  a long  t h e  cathode ( (AC)  cathode) i s  cb, where Cb i s  t h e  c o n c e n t r a t i o n  
l e v e l  i n  t h e  b u l k  f l u i d .  S ince t h e  n e t  mass f l u x e s  a t  t h e  cathode and anode 
a r e  considered to  be equal and s i n c e  t h e  c o n c e n t r a t i o n  o u t s i d e  t h e  s o l u t a l  
boundary l a y e r s  of b o t h  w a l l s  i s  cb,  i t  i s  reasonable t o  expect  t h a t  t h e  aver-  
age change i n  c o n c e n t r a t i o n  across t h e  s o l u t a l  boundary l a y e r  a long  t h e  anode 
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( ( A 0  anode) i s  n e a r l y  equal t o  (AC) cathode. Then t h e  o v e r a l l  c o n c e n t r a t i o n  
d i f f e r e n c e  across t h e  c e l l  i s  AC = (AC) cathode + (AC) anode = 2cb, and thus  
G r S  i s  def ined based on AC = 2cb i n  t h e  p r e s e n t  work. The above concept 
assumes t h a t  Cb remains cons tan t ,  b u t  as convec t i on  develops i n  t h e  c e l l ,  t h e  
c o n c e n t r a t i o n  l e v e l  becomes nonuni,form i n  t h e  b u l k  r e g i o n ,  and o n l y  on t h e  
average t h e  b u l k  c o n c e n t r a t i o n  l e v e l  remains c o n s t a n t .  Moreover, due to e lec -  
t r o l y s i s  t h e  copper w a l l  su r faces  become rough s l o w l y  w i t h  t ime ,  which means 
t h e  c u r r e n t  d e n s i t f e s  a t  t h e  w a l l s  decrease and t h e  c o n d i t i o n  a t  t h e  cathode 
dev ia tes  g r a d u a l l y  from t h e  l i m i t i n g - c u r r e n t  c o n d i t i o n .  For t h i s  reason t h e  
d u r a t i o n  o f  each r u n  i s  l i m i t e d  t o  maximum 4 t o  5 h r ,  f a r  s h o r t e r  t han  t h e  t ime  
r e q u i r e d  t o  a t t a i n  s teady s o l u t a l  convec t i on  (k500 h r ) .  
t h e  e lec t rochemica l  system i s  s t a r t e d  a f t e r  t h e  thermal  convec t i on  becomes 
steady. I f  t h e  system i s  s t a r t e d  i n  o t h e r  ways (e.g., t h e  e l e c t r o c h e m i c a l  sys- 
tem i s  s t a r t e d  f i r s t  and then  a temperature g r a d i e n t  i s  imposed), t h e  concen- 
t r a t i o n  boundary c o n d i t i o n s  become l e s s  w e l l - d e f i n e d ,  s i n c e  t h e  l i m i t i n g  
c u r r e n t  has been found to  change s i g n i f i c a n t l y  w i t h  t i m e  as thermal c o n v e c t i o n  
develops i n  t h e  c e l l .  
To v i s u a l i z e  l o c a l  f low s t r u c t u r e s ,  l a s e r  l i g h t  i s  employed. The o p t i c a l  tech- 
n ique  i s  shadowgraphs. 
I n  t h e  p r e s e n t  cases, 
The flow p a t t e r n s  a r e  s t u d i e s  by f low v i s u a l i z a t i o n .  
RESULTS AND DISCUSSION 
Since t h i s  i s  a b a s i c a l l y  t ime-dependent problem, i t  may be expected t o  
i l l u s t r a t e  the  flow s t r u c t u r e s  by showing a s e r i e s  o f  shadowgraphs i n  t ime-  
sequence. However, t h e  t r a n s p o r t  processes a r e  r e l a t i v e l y  s low f o r  t h e  p r e s e n t  
system and t h e  f low s t r u c t u r e  does n o t  change s i g n i f i c a n t l y  a f t e r  t h e  e l e c t r o -  
chemical  system i s  s t a r t e d  for 0.5 to 5 h r  d u r i n g  each run .  There fo re  a number 
o f  photographs taken o f  s e c t i o n s  o f  c e l l  w i t h i n  a 3 min i n t e r v a l  can be assem- 
b l e d  t o g e t h e r  to adequa te l y  i n d i c a t e  t h e  observed flow f i e l d  ( f i g s .  2 and 3 ) .  
The shadowgraphs showing t h e  e n t i r e  f low a t  one i n s t a n t  i s  d e s i r e d  b u t  t e c h n i -  
c a l l y  more d i f f i c u l t  and n o t  necessary for  t h e  p r e s e n t  work. 
I n  t h e  c o o p e r a t i n g  cases i t  c o u l d  be a n t i c i p a t e d  t h a t  t h e  flow s t r u c t u r e s  
a r e  somewhat s i m i l a r  t o  those i n  p u r e l y  thermal or s o l u t a l  cases, i . e . ,  u n i c e l -  
l u l a r  flows. However, t h e y  a r e  found t o  be more complex. Under c e r t a i n  condi -  
t i o n s  a l a y e r e d  f low p a t t e r n  appears. 
p a t t e r n s  observed by  shadowgraphs f o r  c o o p e r a t i n g  cases a r e  g i v e n  i n  f i g u r e s  2 
and 3. 
t ank  i n i t i a l l y .  
f l u i d  l a y e r  i s  b u i l t  i n  t h e  t e s t  s e c t i o n .  
c e l l s  s t a r t e d  because o f  t h e  e f f e c t  o f  sideways h e a t i n g  o f  a d e n s i t y  g r a d i e n t .  
Also we have found t h a t  secondary c e l l s  appear near each v e r t i c a l  w a l l  by u s i n g  
o p t i c a l  v i s u a l i z a t i o n  techniques.  I n  t h e  c e l l s  near t h e  c o l d  anode t h e  second- 
a r y  c e l l  flows a re  coun te rc lockw ise  ( f i g s .  2 and 3 ) .  I t  i s  n o t  easy t o  under- 
s tand how the  c o n d i t i o n s  for t h e  c o o p e r a t i n g  cases a r e  conducive t o  t h e  
f o r m a t i o n  o f  f i n g e r s ,  as i m p l i e d  by f i g u r e  6.  The f l u i d  t u r n i n g  t h e  co rne r  a t  
t h e  bot tom o f  t h e  anode seems copper r i c h  and hence should r e s i s t  a c q u i s i t i o n  
o f  t h e  p o s i t i v e  buoyancy r e q u i r e d  for development of t h e  secondary c e l l s .  The 
reason for  the  c e l l s  f o rma t ion  i s  speculated t o  be as f o l l o w s .  Consider t h e  
r e g i o n  near the  c o l d  anode. Due t o  thermal convec t i on  l ess -concen t ra ted  f l u i d  
a t  t h e  t o p  o f  t h e  t e s t  s e c t i o n  i n  t h e  thermal boundary l a y e r  i s  b rough t  down 
a long  t h e  anode i n  each l a y e r .  But  a f t e r  t h e  f l u i d  near t h e  anode t u r n s  around 
the  bot tom of each l a y e r  and moves o u t  o f  t h e  thermal boundary l a y e r ,  t h e  tem-  
p e r a t u r e  increases w h i l e  t h e  c o n c e n t r a t i o n  l e v e l  i s  n e a r l y  cons tan t ,  due t o  t h e  
The sketches o f  t y p i c a l  l a y e r e d  f low 
We t h i n k  t h e  flow a long  t h e  c o l d  anode i s  down t o  t h e  bo t tom o f  t h e  
Then t h e  m u l t i l a y e r e d  c o n v e c t i o n  
But  because of t h e  b o x - f i l l i n g  process,  a s t a b l y  s t r a t i f i e d  
Y 
4 
f a c t  t h a t  t he  thermal d i f f u s i o n  process i s  much f a s t e r  t han  the  s o l u t a l  d i f f u -  
s i o n  process i n  t h e  p resen t  exper iment .  A s  a r e s u l t ,  t h e  f low acqu i res  upward 
buoyancy a f t e r  t h e  t u r n i n g  and secondary c e l l s  form. 
c e l l s  do n o t  e x i s t  i n  t h e  i n i t i a l  thermal  convec t i on  and appear o n l y  a f t e r  t h e  
a d d i t i o n  of s o l u t a l  convec t i on .  
I t  i s  noted t h a t  t h e  
I t  i s  i n t e r e s t i n g  t h a t  f l o w  s t r u c t u r e s  s i m i l a r  to  those desc r ibed  above 
a r e  observed even when t h e  two body f o r c e s  opposed. 
a l s o  i n  the  opposing cases, see f i g u r e s  4 and 5. We a l s o  found t h a t  secondary 
c e l l s  e x i s t  for  opposing cases. Due t o  shear e x e r t e d  by t h e  flow i n  t h e  t h e r -  
mal boundary l a y e r  a long,  for  example, t h e  h o t  anode, t h e  f l u i d  i n  t h e  s o l u t a l  
boundary l a y e r  i s  c a r r i e d  upward a g a i n s t  t h e  buoyancy f o r c e  which a c t s  downward 
i n  t h e  s o l u t a l  boundary l a y e r .  However, when t h e  f low near t h e  h o t  anode t u r n s  
around t h e  t o p  o f  each l a y e r ,  t h e  thermal convec t i on  slows down and t h e  shear 
f o r c e  assoc ia ted  w i t h  i t  decreases. Consequent ly,  some o f  t h e  heavy f l u i d  goes 
down, r e s u l t i n g  i n  secondary c h a o t i c  t u r b u l e n t  c e l l s  near t h e  anode ( f i g s .  4 
and 5 ) .  Therefore,  t h e  f low s t r u c t u r e s  i n  f i g u r e s  4 and 5 f o r  t h e  opposing 
cases a re  s i m i l a r  t o  t h a t  i n  f i g u r e s  2 and 3 for  t h e  c o o p e r a t i n g  cases, b u t  
t h e  reasons f o r  t h e  appearance o f  t h e  secondary c e l l s  a r e  d i f f e r e n t  i n  b o t h  
cases. Secondary c e l l s  for  cases can be seen i n  t h e  l a y e r e d  flow s t r u c t u r e .  
Due t o  t h e  aforement ioned complex flow s t r u c t u r e  i n  these cases, one m igh t  
expect  some k i n d  o f  f low i n s t a b i l i t y  under c e r t a i n  c o n d i t i o n s .  That t u r n s  o u t  
to  be t h e  case. Shown i n  f i g u r e s  6 to  8 a re  some i n s t a b i l i t y  ( f i n g e r i n g  flow) 
cases. F i n g e r i n g  convec t i on  u s u a l l y  r e f e r s  t o  long ,  c e l l u l a r  convec t i on  due 
to  warm, s a l t y  f l u i d  above c o l d ,  f r e s h  f l u i d .  What we see i n  t h e  shadowgraphs 
i n  t h e  p resen t  work c o u l d  be m a n i f e s t a t i o n s  o f  such i n s t a b i l i t i e s .  For f i x e d  
s o l u t a l  Grashof number and aspect  r a t i o  when t h e  buoyancy r a t i o  i s  reduced 
( thermal  Grashof number i nc reased) ,  t h e  f i n g e r s  near t h e  anode appear a t  t h e  
lower p o s i t i o n  f o r  c o o p e r a t i n g  cases ( f i g s .  6 and 7) and a t  a h i g h e r  p o s i t i o n  
for  opposing cases ( f i g .  8 ) .  
The l a y e r e d  flow appears 
I n  f i g u r e s  9 and 10, t h e  temperature d i s t r i b u t i o n s  measured a t  t h e  mid- 
s e c t i o n  a r e  presented.  A s  t h e  l a y e r s  develop,  t h e  i n i t i a l  p r o f i l e  due t o  pure 
thermal  convec t i on  becomes q u i t e  d i s t o r t e d .  Th is  o f f e r s  a t  l e a s t  i n d i r e c t  e v i -  
dence o f  l a y e r e d  flow s t r u c t u r e s .  The exper imenta l  error i n  t h e  va lue  o f  
T * ( =  ( T  - Tb)/ (Tu  - Tb)) was es t ima ted  t o  be 54 p e r c e n t ,  where 
t h e  bo t tom and upper w a l l  temperatures a t  p u r e l y  thermal s teady s t a t e  
condi t ions .  
Tb, Tu a r e  
CONCLUSION 
The purpose o f  t h e  p resen t  exper imen ta l  s tudy  i s  t o  i n v e s t i g a t e  t h e  
e f f e c t s  o f  imposing h o r i z o n t a l  c o n c e n t r a t i o n  g r a d i e n t s  on s teady thermal  con- 
v e c t i o n  i n  h i g h - a p s e c t - r a t i o  enc losu res .  The temperature and c o n c e n t r a t i o n  
g r a d i e n t s  a re  imposed i n  such a way t h a t  t h e i r  e f f e c t s  on t h e  flow a r e  e i t h e r  
opposing or coopera t i ng .  
Sc = 2100, P r  = 7.0, G r S  = 1 . 5 2 ~ 1 0 7 - 1 . 2 8 ~ 1 0 9 ,  G r T  = 5 . 0 1 x 1 0 ~ - 5 . 0 1 ~ 1 0 8 ,  and 
A r  = 3 . 7 .  Due t o  d o u b l e - d i f f u s i v e  phenomena, v a r i o u s  f low p a t t e r n s  appear i n  
t h e  enc losu res .  I t  i s  found t h a t  b o t h  cases t h e  i n t e r a c t i o n  between t h e  tem- 
p e r a t u r e  and c o n c e n t r a t i o n  f i e l d  may cause secondary c e l l s  near two end w a l l s .  
Secondary c e l l s  f o r  opposing cases can be seen i n  t h e  l a y e r e d  f low s t r u c t u r e .  
One impor tan t  d i s c o v e r y  i n  t h e  p r e s e n t  work i s  t h a t  some i n s t a b i l i t y  ( f i n g e r -  
i n g  convec t i on )  may appear near t h e  copper p l a t e .  Also t h e  p o s i t i o n s  t h a t  f i n -  
gers appear a long  the  copper p l a t e  a re  dependent on N f o r  f i x e d  Ar and 
Grs. 
The ranges o f  t h e  parameters s t u d i e d  h e r e i n  a r e  
5 
Most o f  t h i s  work i s  q u a l i t a t i v e  b u t  i t  r e p r e s e n t s  a f i r s t  s t e p  i n  ga in -  
i n g  an understanding o f  c o n f i n e d  flows due to  b o t h  temperature and concentra-  
t i o n  g r a d i e n t s  i n  h i g h - a s p e c t - r a t i o  enc losu res .  
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FIGURE 2. - FLOW STRUCTURE FOR COOPERATING CASE WITH 
Ar  = 3, GrT = 1 . 9 4 ~ 1 0 ~ ~  GrS = 3 . 8 9 ~ 1 0 ~ .  
FIGURE 3. - FLOW STRUCTURE FOR COOPERATING CASE WITH 
9 Ar = 7, GrT = 1.34X1O8, GrS = 1 .28~10  . 
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FIGURE 4 .  - FLOW STRUCTURE FOR OPPOSING CASE WITH A r  = 7, 




FIGURE 5 .  - FLOW STRUCTURE FOR OPPOSING CASE WITH 





(b) GrT = 1 . 0 1 ~ 1 0 ~ .  
FIGURE 6. - NEAR-FIELD FLOW STRUCTURE AROUND THE COLD ANODE 
FOR COOPERATING CASE WITH Ar  = 3, GrS  = 1 . 5 2 ~ 1 0 ~  (THE 
POSITION OF INTERFACE A IS HIGHER THAN THE POSITION OF 
INTERFACE B) . 
10 
ORIGINAL PAGE IS 
(IF POOR QUALITY, 
INTERFACE A 
1 
8 (a )  GrT = 1.34~10 . 
(a)  GrT = 5.01~10~. 
INTERFACE B 
( b )  GrT = 2.68~10~. 
INTERFACE B 
(C) GrT = 4.03X108. 
A 
INTERFACE B 
tc) GrT = 1 . 3 4 ~ 1 0 ~ .  
FIGURE 7. - NEAR-FIELD FLOW STRUCTURE AROUND THE FIGURE 8. - NEAR-FIELD FLOW STRUCTURE AROUND THE 
COLD ANODE FOR COOPERATING CASE WITH Ar = 7. 
GrS = 1.28~10~ (THE POSITION OF INTERFACE A 
IS HIGHER THAN THE POSITION OF INTERFACE B).  
HOT ANODE FOR OPPOSING CASE WITH Ar = 7, GrS = 
1.28~10~ (THE POSITION OF INTERFACE A IS 










0 THERML STEADY STATE (T. S .  S .  1 
2 HR AFTER T.S.S. 
I I 
.5 1 .o 
Z' 
FIGURE 9. - CHANGES OF TERPERATURE PROFILE AT MID- 
SECTION FOR COOPERATING CASE WITH Ar = 7. 
GrT = 1.34x108, GrS = 1 . 2 8 ~ 1 0 ~ .  x* = 0.5, 
y' = 0.5. 
0 T.S.S. 
3 HR AFTER T.S.S. 
0 4 HR AFTER T.S.S.  
0 5 HR AFTER T.S.S. 
Z' 
FIGURE I O .  - CHANGES OF TEMPERATURE PROFILE AT MID- 
SECTION FOR OPPOSING CASE WITH Ar = 3, GrT = 
5 .01~10~ .  GrS = 1 . 5 2 ~ 1 0 ~ .  XI = 0.5, y' = 0.5. 
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